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Abstract 
Because transparent conductive oxide (TCO) thin films have more than 80 % transmittance in visible spectrum, and high 
electrical conductivity, the TCO films are widely applied to flat panel displays and solar cells as transparent electrode materials.  
This study aims to develop a direct patterning technology on ZnO:Al (AZO) thin films by a diode-pumped solid state ultraviolet 
laser. The electrode patterns with array structures on AZO thin films were generated by a high-speed galvanometric scanning 
system. The optoelectronic properties of a patterned electrode have strong relation with the laser pulse frequency, the scan speed, 
and the patterning time. The surface morphology and roughness of patterned electrode were measured by three dimension 
confocal microscope and field emission scanning electron microscope, respectively. The resistivity of AZO thin films before and 
after laser patterning was measured by a four point probe instrument. The optical transmittance was recorded by a UV/VIS/NIR 
spectrophotometer.  
The experimental results indicated that the edge line width and depth decreased with increasing the scan speed. After the array 
patterns structure were formed by laser dry etching, the roughness Ra values of patterned area increased from 0.06 ȝm to 0.16 
ȝm. These transmittances of patterned structure from 400 nm to 800 nm wavelengths averagely reached to 82%. The measured 
results of electrical conductively revealed that the resistivity gradually increased with increasing the pulse repetition frequency. 
In addition, surface morphologic examination on the straight lines, corners, and etched regions of patterned films revealed no 
micro-cracks observed which meant the patterned surface had a better surface quality.  
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1. Introduction 
Transparent conductive oxide (TCO) thin films have more than 80 % transmittance in visible spectrum and 
their electrical resistance can be lower than 10-3 ȍΗcm. The TCO thin films are widely applied to flat panel 
displays and solar cells as conductive electrode materials [1]. The common TCO denoted the indium tin oxide 
material (ITO), which consisted of In2O3, and SnO3 [2-3]. The traditional electrode patterning technology, which 
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used the photolithography and chemical wet etching technique to form the circuit on the film surface, was usually 
adopted by the semiconductor manufacturers. Several steps were needed, including (a) photoresist coating, (b) soft 
bake, (c) exposure, (d) lithography, (e) hard bake, (f) etch, and (g) photoresist stripping. However, a heavy 
investment is necessary to establish a lot of photolithography equipment and this cost is tremendous. Furthermore, 
the etching chemical solution could easily cause the environmental pollution during the electrode forming processes. 
Therefore, the development of laser patterning to fabricate electrodes on TCO films can reduce (eliminate) these 
questions above. 
The electrode patterning technologies using various laser sources were introduced [4-12] in literatures. Chen et 
al. [5] proposed the diode-pumped solid state laser (DPSSL) direct patterning ITO films deposited on glass 
substrates by using movable linear motor driving stages. The line width and depth decreases with increasing the 
moving speed and pulse repetition frequencies, according to their experimental results. Tseng et al. [6] used pulsed 
Nd:YAG laser to scribe ITO thin films coated on soda-lime glass, polycarbonate (PC), and cyclicolefin-copolymer 
(COC) substrate materials. The surface morphologies, surface reaction, surface roughness, optical properties, and 
electrical conductivity properties were dependent on laser exposure time. 
Venkat and Dunsky [7] introduced the laser pattering of ITO in panel display manufacturing industry. Three 
types laser sources, including Nd:YVO4, Nd:YLF, and Nd:YAG laser were used to ablate ITO films. Moreover, the 
laser direct writing and mask based projection processes for micromachining applications were introduced. Yavas et 
al. [8, 9] discussed the absorption rate of ITO films used the Q-switch Nd:YLF laser and flash lamp-pumped 
Nd:YAG laser to ablate ITO materials. One-dimensional (1D) temperature modeling was used to confirm that the 
ITO films were removed by thermal evaporation mechanism. Lunney et al. [10] presented the laser etching on the 
fluorine-doped tin oxide and indium-tin oxide films by a KrF excimer laser with a 248 nm wavelength. The sheet 
resistance of 50 ȝm wide conducting channel was measured and compared to the value of the original film. Farson 
et al. [11] presented the ITO thin films were patterned by Ti-sapphire laser with 2 kHz repetition rate. Minimum 
ablation diameter and depth were 800 nm and 70 nm, respectively. Chan et al. [12] proposed the maskless patterning 
to expose the polymer films by using a He-Cd laser source with a 325 nm wavelength. The minimum line-with was 
1.6 ȝm. Ghandour et al. [4] used a XeCL excimer laser (308nm) to ablate the ITO deposited on the flexible 
substrates. Then, a snow cleaning method was successfully used to remove the curled materials. 
This study focuses on the array pattern structure fabrication on the ZnO:Al (AZO) films by using diode-
pumped solid state (DPSS) ultraviolet laser systems with a high-speed galvanometric unit. The operation parameters 
of laser ablation for the array patterns fabrication include the scan speed, the pulse repetition frequency (PRF), and 
the machining time. After laser ablation process, the surface morphologies, the patterned region roughness, and the 
array structures width and depth are examined by a three-dimensional confocal laser scanning microscope 
(KEYENCE, VK-9700). The optical transmittance properties are measured by a UV/VIS/NIR spectrophotometer 
(PerkinElmer, Lambda 900). Moreover, the electrical properties are measured by a four-point probe instrument 
(QUATEK, 5601Y). 
2. Experimental 
2.1 Electrode patterning system 
Laser patterning system consists of a laser source, an optical system, moving stages, a galvanometric scanner 
unit, and a PC-based controller. The DPSS Nd:YVO4 laser with third harmonic generator has a 355 nm wavelength 
(COHERENT, AVIA 355-14). The maximum average power of 14W, the transverse mode of TEM00, and the beam 
diameter of 3.5 mm were used for the electrode patterning. The complete specifications of this UV laser source were 
summarized in Table 1. The laser beam from UV laser passes though three reflective mirrors, galvanometric scan 
units, and a telecentric lens and finally focuses on the AZO film surface. Figure 1 shows the schematic diagram of 
the laser patterning system. 
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Table 1 Specifications of UV laser source. 
Wavelength (nm) 355 
Average Power (W) > 14W 
Spatial Mode TEM00 
Beam Diameter,ʳ±10%, (mm) 3.5 
Pulse Repetition Frequency, (kHz) 1~400 
Pulse width, (ns) 30 
 
 
Figure 1 Schematic diagram of laser patterning system. 
 
2.2 Sample preparation 
AZO thin films were deposited on the glass substrates by a pulsed DC magnetron sputtering system. The 
sputtering targets used in this experiment were specifically prepared using ZnO and aluminum powders. Moreover, 
a Corning 1737F glass was used as the substrate. Figure 2 shows the cross-section and tilt views of AZO films and a 
glass substrate measured by a field emission scanning electron microscope (FE-SEM). The measured result showed 
that the AZO film was approximately 500 nm thick deposited on the Corning 1737F glass. The optical transmittance 
from 400 nm to 800 nm waveband of this specimen was averagely 89%. 
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Figure 2 SEM morphology of cross-section and tilt view of AZO films deposited on glass substrates. 
 
To obtain the same specimen dimension, all glass substrates were diced with dimensions of 20 mm × 20 mm × 
1.1 mm by a diamond wheel machine. After the dicing process, the specimen was cleaned by a ultrasonic cleaning 
equipment with a solution of 75 vol.% alcohol and 25 vol.% distilled (DI) water. Table 2 summarizes the optical 
transmittance and electrical properties of AZO films deposited on glass substrates in this experiment. The sheet 
resistance of the AZO films was approximate 20 ȍ/႒  obtained from 4-point probe measurement.  
 
Table 2 Optical transmittance and electrical properties of AZO films deposited on glass substrates 
Substrate Films Transmittance (%) (400-800 nm) Resistance (ȍ/Ƒ) 
Corning 1737F AZO 89 20.3 
 
Figure 3 shows the surface topography of AZO thin films deposited on glass substrates analyzed by an atomic 
force microscope (AFM). The RMS surface roughness value was 5.7 nm with measuring region of 1 ȝm × 1 ȝm. 
 
5.7nm 
Figure 3 AFM surface roughness of AZO film deposited on glass substrate. 
 
2.3 Array pattern design and laser patterning parameters 
 Figure 4 (a) shows the designed micro-structures array on AZO film surface. Each specimen dimension was 20 
mm × 20 mm × 1.1 mm, and the area of removed AZO films was 10 mm × 10 mm. The dimension of each removed 
region was 2 mm square with a gap of 2 mm between the neighboring isolated patterns. 
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Figure 4 Schematic diagrams of removal region, electrode patterns areas, patterning path, and each beam pitch on 
AZO thin film.  
 
The DPSS pulsed Nd :YVO4 laser with high-speed galvanometric scanning unit was applied to perform micro-
structures array on AZO thin films. The patterning parameters of laser, scanning units, and ablated path for array 
structure patterns were tuned as following to reach optimal ablation condition: 
(a) After the array patterning, no any micro-cracks were observed on the ablated AZO specimen surface. The 
optimal average laser power was fixed at 5.74 W. The pulsed repetition frequencies were adjusted to 10 kHz, 40 
kHz, 70 kHz, and 100 kHz, respectively. 
(b) Galvanometric scan speeds were adjusted to 100 mm/s, 300 mm/s, and 500 mm/s by two galvanometric 
scanners. 
(c) Each ablated path of crosshatch lines was set 0.001 mm to obtain the better patterned quality of AZO films, as 
shown in Fig. 4 (b). 
(d) The focal length from the end of telecentric lens to the top of sample surface was fixed during array structure 
patterning on AZO/glass substrates. 
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3. Results and discussion 
3.1 Edge line width, depth, and surface morphologies of pattern structure arrays 
Figure 5 shows a relationship of edge line width and depth of AZO pattern structures array versus the various 
scan speeds and pulsed repetition frequencies. The edge line width decreased with increasing scan speed of 
galvanometric scanner when the operational pulsed repetition frequencies were 10 kHz, 40 kHz, 70 kHz, and 100 
kHz, respectively. Moreover, a linear fitting function could be established between the edge line width and the scan 
speed at different frequencies, as shown in Fig. 5 (a). The average power for the UV laser source (AVIATM 355-14) 
increased with increasing the pulsed repetition frequency when the pulsed repetition frequency ranged from 50 kHz 
to 100 kHz. The operative pulse repetition frequency of 100 kHz had the maximum average output power that was 
large than 14 Watts. Moreover, the edge line depth also decreased with increasing the scan speed, as shown in Fig. 5 
(b). The ablated line depth after laser etching process ranged from 0.35 ȝm to 0.5 ȝm. The edge line width of 
patterned AZO films ranged from 50 ȝm to 54 ȝm when the pulse repetition frequencies and the scan speeds were 
10 kHz, 40 kHz, 70 kHz, and 100 kHz and 100 mm/s, 300 mm/s, and 500 mm/s, respectively. 
 
  
Figure 5 Linear relationship of edge line width and depth at different scan speeds and pulse repetition frequencies. (a) 
Edge line width versus different scan speeds, and (b) edge line depth versus different scan speeds. 
 
Figure 6 Surface morphologies of laser etched region on the AZO/glass substrates. 
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Figure 6 (a) shows the full size patterns array on an AZO/glass substrate taken by a digital camera. The dark 
regions are the removed area, and the green regions are the left AZO film surface. Figure 6 (b) - (f) show the surface 
morphologies of laser etched region when the laser patterning conditions are conducted as below; the laser power 
was 5.74 W, the pulse repetition frequency was 40 kHz, and the galvanometric scan speed was 500 mm/s. The AZO 
film, laser etched area, and edge line width can be clearly observed in Fig. 6 (b). Each dimension of etched area was 
2 mm x 2 mm, and the edge line width was 50 ȝm. The surface morphologies of edge line and removed region were 
measured by a confocal microscope with 200 times magnification, as shown in Fig. 6 (c) – (e). The edge qualities of 
patterned AZO films were high and showed the straight lines and arc corners. However, some debris occurred in the 
removed line edge. Figure 6 (f) shows the laser etched area measured by a confocal microscope with 1000 times 
magnification. The detailed image information indicated that no detectable debris and micro-cracks were discovered 
on the etched area of AZO/glass specimens.  
3.2 Surface roughness of array pattern structures 
Figure 7 shows the surface roughness of AZO thin films after laser etching by using various scan speeds and 
pulsed repetition frequencies. The surface roughness increased with increasing the galvanometric scan speed when 
the pulsed repetition frequencies were 10 kHz, 40 kHz, 70 kHz, and 100 kHz. The surface roughness ranged from 
0.06 ȝm to 0.16 ȝm. Moreover, the completely removed AZO film could be obtained by the scan speeds higher than 
100mm/sec. Nevertheless, the large regional crack, chipping, and damaged substrates were obviously founded on 
the laser etched area of this failed experiment when the scan speed was 100 mm/s and the pulsed repetition 
frequencies were 70 kHz and 100 kHz, respectively. The pulsed energy was higher when the lower pulsed repetition 
frequencies were applied under this system; therefore, the huge thermal energy was accumulated on the ablated 
AZO/glass specimen when the low scan speeds and the high pulsed repetition frequencies were used. Figure 8 (a) 
and (b) show the micro-crack images when the pulsed repetition frequency was 100 kHz and the scan speeds were 
300 mm/s and 500 mm/s, respectively. Many micro cracks could be observed clearly in vertical direction of the 
damaged substrate. 
 
 
Figure 7 Relationship of scan speed versus surface roughness under various different pulse repetition frequencies. 
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Figure 8 Micro-cracks occurred in the etched area using (a) etching scan speed of 300 mm/s and pulse repetition 
frequency of 100 kHz and (b) etching scan speed of 500 mm/s and pulse repetition frequency of 100 kHz. 
 
3.3 Optical transmittance 
The transmittance of AZO thin film with patterns structure array etched under different scan speeds and pulse 
repetition frequencies was shown in Fig. 9. The visible transmittance from 400 nm to 800 nm was 82% averagely. 
The transmittance values decreased with increasing the pulse repetition frequencies due to the rough surface of 
AZO/glass resulted from the high etching pulse energy.  
 
 
Figure 9 Plot of the optical transmittance spectra of AZO thin films deposited on glass substrate under different laser 
etching scan speeds and pulse repetition frequencies. 
 
3.4 Electrical conductively 
The array patterns of the AZO film deposited on corning 1737F substrates with film thickness about 500 nm 
were successfully etched by laser using the various laser etching parameters. The electrical conductive values of the 
closed region patterns were measured by the four-point probe, as shown in Fig. 10. The horizontal dash-line 
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represents the original resistivity of 1×10-3 ȍ-cm before laser etching process. The different color symbols represent 
the measured resistivity data after the patterns array etching. All resistivity values after laser etching were larger 
than the original resistivity. After etching process, the resistivity values ranged from 1.5 to 1.9 (×10-3 ȍ-cm). 
 
 
Figure 10 Resistivity of AZO thin films deposited on glass substrate under different laser etching scan speeds and 
pulse repetition frequencies.
 
4. Conclusions
We successfully fabricate the patterned array on the aluminum doped zinc oxide (ZnO:Al, AZO) thin films by a 
DPSS laser system equipped with the high speed galvanometric scanning system. Based on the experimental results 
from the laser dry etching on AZO/glass substrates, the conclusions are summarized as follows: 
(1) The edge line width and depth decreased with increasing the scan speeds when the pulsed repetition frequencies 
were 10 kHz, 40 kHz, 70 kHz, and 100 kHz, respectively. 
(2) After the laser dry etching patterned array, the surface roughness of the patterned area ranged from 0.06 ȝm to 
0.16 ȝm. The surface roughness increased with increasing the galvanometric scan speeds. Moreover, the completely 
removed AZO film with smooth surface could be observed by using the lower galvanometric scan speeds no smaller 
than 100mm/sec. 
(3) The visible transmittance of ablated AZO/glass substrates ranging from 400 nm to 800 nm was 82% in average. 
The high pulsed energy caused the rough surface and reduced the optical transmittance values. Therefore, the 
transmittance values decreased with increasing the pulse repetition frequencies.  
(4) The measured resistivity values of the AZO film after the laser patterning were larger than the original 
resistivity. 
(5) No micro-cracks were found in the line edges, corners and etched regions of the patterned AZO films when the 
optimal operation parameters were the 5.74 W average laser power, the 500 mm/s scan speed, and the 40 kHz pulse 
repetition frequency. 
(6) The machining time was less than 90 seconds per one specimen with an ablated area of 20 mm x 20 mm using 
this high-speed galvanometric scanner.  
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